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Global change such as altered precipitation patterns and increased atmospheric nitrogen
(N) deposition will have signiﬁcant impacts on seedling growth during plant recruitment.
However, how interactive effects of increased precipitation and N deposition on forest
seedling performance have not been well investigated. In this study, we conducted a twoyear ﬁeld experiment that manipulating precipitation amount (ambient rainfall and 25%
increment during the wet season) and exogenous N addition (0 and 100 kg ha1 yr1) in a
tropical secondary forest. Seedling growth, morphology and nutritional status of a dominant tree species (Cinnamomum burmanni) were measured. Results showed that increased
precipitation had positive effects on seedling height, basal diameter growth, biomass
production, height/basal diameter ratio (H/BD), and Dickson's quality index (DQI), but
decreased N and phosphorus (P) concentrations in the stems and roots of seedlings.
Interactive effects between precipitation and N treatments on seedlings were signiﬁcant. N
addition only enhanced height, total biomass, and H/BD ratio of seedlings with increased
precipitation. These results indicated that increased precipitation during the wet season
caused by heavy rainfall events, together with elevated N deposition, potentially have
profound inﬂuences on seedling performances during the early recruitment stage and
plant community regeneration in the tropical forest.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Global climate change has been indicated as a major driver of forest ecosystem change (Bonan, 2008; Grimm et al., 2013;
Kafash et al., 2018). For example, shifts in precipitation regime alter plant community composition and dynamics, and thereby
affect ecosystem functions and services in forest ecosystems (Bunker and Carson, 2005; Anderson-Teixeira et al., 2013). Forest
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regeneration, which is closely related to seedling establishment and plant recruitment processes, has great inﬂuences on
future community composition and structure (Boyden et al., 2005; Wang et al., 2009). Given the uncertainties in global
precipitation scenarios, information on how alteration in precipitation regime affect seedling performance would greatly
 mez et al., 2006; Petrie et al., 2016).
enhance our ability in predicting forest regeneration (S
anchez-Go
Tropical forests provide important ecosystem services such as biodiversity conservation, bioenergy production, and carbon sink (Howe, 2014; Poorter et al., 2016; Lu et al., 2017). Several studies demonstrated that precipitation and water
availability are important for seedling development of tropical forest species. For instance, recurrent periods of drought are
found to inhibit growth rates of seedlings and the response to precipitation reduction is species dependent (Bunker and
Carson, 2005; O'Brien et al., 2017). Through a manipulative ﬁeld experiment, Paine et al. (2009) observed that supplemented precipitation can signiﬁcantly enhance seedling survival and growth. These results suggested that alteration in
precipitation regime has great inﬂuence on tropical forest seedling community structure and diversity. As climate change is
projected to intensify, the tropical areas are likely to experience increased precipitation intensity characterized by numerous
extreme events and increases in mean precipitation amount (Easterling et al., 2000; Meehl et al., 2005; Rustad, 2008).
Moreover, the response of plants to climate change largely depends on the changes in the climatic variability and the
occurrence of extreme events (Weltzin et al., 2003). Therefore, it is critical to understand the impacts of increased precipitation characterized by incidents of heavy rainfall on seedling performance.
Nitrogen (N) is an important element controlling plant growth, and closely relate to seedling growth rate, biomass allocation, and nutrient uptake (Ding et al., 2012; Santiago et al., 2012). Previous studies have shown that increased N input can
impact seedling survival, abundance and species interaction, thereby profoundly inﬂuence forest regeneration and development (Diwold et al., 2010; Patterson et al., 2012; Talhem et al., 2013; Tanentzap et al., 2013). In the tropical forest, Mo et al.
(2008) found that the response of seedling growth to N addition varies depending on N supply rate and N-requirement of
species, and suggested that increased N deposition would impact community composition. The effect of N supply on plant
growth is always related to environmental factors such as water availability. For example, N addition could alleviate the
negative effect of drought on seedling physiology (Guo et al., 2010; Xu et al., 2015). However, N enrichment can also
potentially strengthen the adverse effect of drought on seedling growth, primarily due to the combined treatments of N
addition and drought limit root growth and reduce water capture capability (Dziedek et al., 2016). Under the circumstance of
simultaneously elevated atmospheric N deposition and shifts in precipitation patterns, it is important to examine seedling
n
~ ez et al., 2018) to better understand the dynamics of forest regenresponses to these changing environmental factors (Iba
eration and community structure. To date, few studies have investigated interactive effects of these two co-occurring global
change drivers on seedling establishment and growth in tropical forests.
In South China, rainfall patterns have shifted toward more concentrated during the wet season since 1950s (Yan and Li,
2012). Additionally, atmospheric N deposition has increased greatly in the region due to intensiﬁed industrial and agricultural activities (Liu et al., 2013). As a result, the tropical forests within this region have experienced these two concurrently
changing environmental factors. In a previous study, we found that increased precipitation promoted seedling height growth
rate during the experimental period (Wang et al., 2018). However, it remain unclear what's the consequence for seedling
recruitment under the combined effects of intensiﬁed rainfall amount and N enrichment in the tropical forest. In this study,
we conducted a two-year ﬁeld experiment manipulating precipitation and exogenous N supply in a tropical forest in South
China, to mimic N deposition and projected precipitation scenarios in this region. The objectives of this study were to assess
the main and interactive effects of increased precipitation and N addition on seedling establishment and recruitment. We
hypothesized that (1) Increased precipitation in the wet season would increase seedling growth by relieving the potentially
periodical water deﬁciency for plants; (2) N addition would not alter seedling performance since soil N availability was
relatively high in the forest; (3) N addition and increased precipitation treatment would additively affect the performance of
seedlings. Information generated in this study will provide better understandings of the tropical forest regeneration under a
changing climate scenario.
2. Materials and methods
2.1. Study site and plant material
The study site is located at the Xiaoliang Research Station for Tropical Coastal Ecosystem, Chinese Academy of Sciences
(110 540 E, 21270 N), Maoming City, Guangdong Province, South China. The area is characterized by a tropical monsoon
climate with the mean annual temperature is 23  C. Annual rainfall ranges from 1400 to 1700 mm with a distinct variation of
dry and wet seasons, and most rainfall occurs from March to September. The soil is oxisol, and developed from deeply
weathered granite. The original top soils were almost eroded due to strong erosion caused by long-term anthropogenic
disturbances. Soil pH is less than 5.0. The extractable soil phosphorus (P) is relatively low and plant growth is P limited (Mo
et al., 2019). By 1959, the study area had deteriorated into barren land. Our ﬁeld experiment was conducted in a secondary
mixed-native evergreen broadleaved forest developed since 1959 (Ren et al., 2007). Currently, the most dominant tree species
are Cinnamomum burmanni, Schefﬂera octophylla, Carallia brachiata, and Symplocos chunii. The understory is dominated by
fern Dicranopteris dichotoma. The light penetration in the understory is approximately 18.7%. The wet N deposition in the
study site is approximately 40.0 kg N ha1 yr1, and soil is not limited by N (Mo et al., 2015). In this study, we mainly focused
on the seedling establishment and growth of C. burmanni, a dominant tree species with a high important value in the studied
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forest. C. burmanni is a light-demanding species, widely distributed and commonly dominated in the secondary forests in
South China, and grows well on acid soil (Liu et al., 2014).

2.2. Experimental design
To assess how increased precipitation during the rainy season and N addition inﬂuence C. burmanni seedling performances, we conducted a manipulative experiment in the tropical forest. The experiment was established using the split-plot
design with the precipitation increment as the main treatment factor, and N addition as split plot treatment factor. The main
treatments included increased precipitation (IP) and ambient precipitation as a control (AC). In the studied forest, four blocks
were established as replications. In each block, two plots (12  12 m2) were set up with at least 4-m buffer zone between each
two plots, and one of the precipitation treatments was randomly assigned to one of the established plot. IP treatment represented increased precipitation to simulate extreme heavy rainfall events in the rainy season during the summer time
(between June and August).
In the plots treated with IP, simulation of increased precipitation during the wet season induced by heavy rainfall events
was achieved using a pump and sprinkler system established in the understory. In each IP plot, nine sprinklers were arranged
evenly into three rows (with 4 m distance). Each sprinkler covered a 4 m-diameter circular area, thus, the sprinklers in each
plot can cover the whole place of the IP plot. During the period from June to August, to simulate extremely heavy rainfall
event, each IP plot was irrigated with the level of 50 mm rainfall within about 4 h every 10e12 days (totally eight times). Thus,
each IP plot received additional 400 mm rainfall during the wet season, corresponding to approximately 25% of the mean
annual precipitation at the experimental site. We set þ25% of ambient precipitation as this level of precipitation increase is
projected to occur in 2100 under IPCC RCP 8.5 scenario (IPCC et al., 2014). Additionally, a 0.5-m deep trench had been
excavated around the perimeter of IP plots.
Within each plot, two subplots (1  1 m2) were randomly established between two sprinklers, and two N treatments (N
addition of 100 kg N ha yr1 and without N addition as a control) was randomly assigned to one of the two subplots. The level
of N addition treatment was designed based on the local and expected increase in the future atmospheric N deposition rate at
the study site, and also to facilitate the comparison between the similar forest ecosystems in the same region (Mo et al., 2008).
In the subplots treated with N addition, exogenous N supply was conducted monthly by spraying 500 mL of NH4NO3 solution
(100 kg N ha1 yr1) during the experimental period. The control subplots received 500 mL water without adding N. As the
annual precipitation of the study site could be up to 1700 mm, the amount of added solution or water in each subplots only
accounted for 0.35% of annual rainfall inputs.
In each subplot, eight seedlings were transplanted evenly spaced into each subplot in late May 2014 before the beginning
of the increased precipitation treatment (from June to August). Each seedling was marked by a plastic ring at the stem base.
Seedlings for transplanting in the ﬁeld were grown in a greenhouse located at South China Botanical Garden, Chinese
Academy of Sciences. The selected seedlings for transplanting were approximately one-year old and similar in height and
biomass. Each subplot was surrounded by a nylon mesh fence (1-m in height) to prevent herbivory by wild animals such as
rodents. During the experiment period, newly emerged seedlings in the subplots were cleared by hand every 2 weeks. The
experiment lasted for two years and ended in late May, 2016.

2.3. Data collection
After the experiment ended, in each subplot, all the live C. burmanni seedlings were measured with height and basal
diameter. After that, seedlings were individually excavated with a shovel, and separated into leaves, stems, and roots. The
different fractions of the plants (leaves, stem and roots) were then oven-dried to constant mass at 65  C and weighed. The
following parameters were determined for the seedlings: rooteshoot ratio (R/S, root dry weight/shoot dry weight), height to
basal diameter ratio (H/BD, height/stem basal diameter) as the slenderness coefﬁcient, and Dickson's Quality Index (DQI). DQI
was calculated as total seedling biomass/(height/diameter þ shoot/root dry mass) (Dickson et al., 1960). DQI is an indicator
can predict the potential of plant survival and growth in the ﬁeld, and seedlings always perform better with higher DQI value
(Bayala et al., 2009; Tsakaldimi et al., 2014). All the samples of plant tissues were ground to ﬁne powder and analyzed for total
nitrogen (N) and P.
During the experiment, soil volumetric water content (%) at 10 cm depth in each plot was measured about every 12 days
using HS2 HydroSense instrument (Campbell Scientiﬁc, Inc.). Soil samples for determining soil properties were collected
before excavating seedlings. In each subplot, approximately ﬁve soil cores (4 cm diameter, 0e20 cm depth) were collected
from random sampling points and then combined to provide one composite soil sample. Soil samples were then taken back to

þ
laboratory. Half of each soil sample was stored in the refrigerator at 4  C for analyzing soil NHþ
4 -N, NO3 -N. Soil NH4 -N and
þ

NO
-N
were
extracted
from
10
g
of
fresh
soil
using
50
ml
of
2
M
KCL.
Concentration
of
soil
NH
-N
and
NO
-N
were
deter3
4
3
mined by a ﬂow-injection auto-analyzer (FIA, Lachat Instruments, USA). The other half of each soil sample was then air-dried
and sieved for analyzing chemical properties including soil pH and available P, according to the method described by Liu et al.
(1996).
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2.4. Data analysis
The effects of increased precipitation and N addition and their interaction on soil properties and seedling growth parameters were assessed using ANOVAs. Least Signiﬁcance Difference (LSD) were used for multiple comparison when a signiﬁcant effect was detected at a ¼ 0.05. All analyses were performed using SPSS 20.0 for Windows (IBM IBM, 2011).
3. Results
3.1. Seedling survival, growth and morphology
By the end of experiment, all the transplanted seedlings survived. Results of ANOVAs showed that IP treatment had
signiﬁcant effects on all seedling growth and morphological variables, and N addition signiﬁcantly affected total biomass and
DQI value of seedlings. Signiﬁcant interactive effects of precipitation and N treatments were observed for seedling height,
total biomass and H/BD ratio (Table 1). IP treatment promoted height, basal diameter growth and biomass accumulation of
seedlings, regardless of the N treatments (Fig. 1). Under the IP treatment, N addition signiﬁcantly increased seedling height
and total biomass (Fig. 1a and c). There were no signiﬁcant differences in seedling height, basal diameter, and total biomass
between the N-addition and control subplots when receiving ambient precipitation.
R/S ratio of seedlings planted in the IP plots was much lower than that in the AC plots when N was not added (Fig. 2a). In
the N addition subplots, seedlings under the IP treatment had much higher H/BD ratio than that under the AC control (Fig. 2b).
IP treatment signiﬁcantly increased DQI of seedlings planted in both N-addition and control subplots (Fig. 2c). Under the IP
treatment, N addition signiﬁcantly increased seedling H/BD ratio and DQI value (Fig. 2b and c).
3.2. Seedling N, P concentrations and N:P ratio
Results of ANOVAs showed that increased precipitation had no signiﬁcant effect on leaf N and P concentrations, but
signiﬁcantly affect N and P concentrations in the stems and roots. Stem and root N and P concentrations in seedlings were
much lower under the IP treatment than under the AC control (Fig. 3b, c, e and f). In general, N addition did not alter seedling
N and P concentrations (Fig. 3). Both treatments of precipitation and N addition did not signiﬁcantly affect seedling N:P ratios.
N:P ratio in leaves, stems, roots of seedlings varied between 18.9 and 22.2, 12.5 and 13.6, 16.6 and 19.4, respectively (Fig. 3g, h
and i). Overall, N:P ratio in stems was relatively low compared to other two plant organs.
3.3. Soil water content and chemical properties
During the experimental period, soil water content was found much higher in the IP plots than in the AC plots in August
2015. There were no signiﬁcant differences in soil water content between IP treatment and AC control in other periods during
the experiment (Fig. 4). In general, increased precipitation and N addition had no signiﬁcant effects on soil pH value, con
centrations of extractable NHþ
4 -N, NO3 -N, and available P (Table 2).
4. Discussion
In agreement with those of other studies showing the positive effect of increased water availability on seedling growth
(Albaugh et al., 2004; Yavitt and Wright, 2008; Song et al., 2010), increased precipitation during the wet season in this study
promoted seedling height and basal diameter growth, and biomass accumulation. Plant photosynthesis generally beneﬁts
from favorable water availability. Moreover, additional demand for water is needed to maintain plant physiological processes
~ ez et al., 2018). In this study, the increased precipitation treatment occurred
under warmer condition (Volder et al., 2013; Ib
an
from June to August within the summer time, during which the average temperature was approximately 28.1  C (ﬁeld
observation). Under the circumstance of high summer temperature, the occurrence of increased precipitation by extreme
rainfall events could meet the higher water demand of plants, thereby leading to enhanced seedling growth. Inconsistent
rez et al.,
with ﬁnding that N concentration in Mediterranean oak seedling fractions was not affected by watering (Sanz-Pe
Table 1
Results (F-value) of ANOVAs on the effects of increased precipitation and N addition on seedling growth and morphological variables.
Source of variation d.f. Height
Increased
Precipitation
(IP)
N addition (N)
IP  N

Basal
diameter

Total
biomass

R/S

H/BD

DQI

Leaf
N

Leaf
P

Leaf
N:P

Stem N

Stem P

Stem
N:P

Root N Root P

Root
N:P

1

44.170** 26.155**

34.363** 5.622* 13.854* 23.459** 0.709 1.880 0.078 13.590** 20.575** 0.161 9.269** 17.653** 0.002

1
1

1.505
6.894*

6.848*
4.700*

0.237
1.280

0.087 0.622
0.135 5.028*

5.488*
1.785

0.474 1.685 0.413 2.606
2.121 1.999 2.163 2.146

1.367
2.525

1.003 1.793
1.888 0.557

Signiﬁcant level: *p < 0.05; **p < 0.01. R/S: ratio of root and shoot; H/BD: height to basal diameter ratio; DQI: Dickson's Quality Index.

1.940
1.663

2.011
0.447
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Fig. 1. Height, basal diameter, and total biomass of seedlings under the treatments of increased precipitation and N addition. IP: increased precipitation during
the wet season; AC: ambient control. Different lowercase letters (a, b and c) above the bars indicate signiﬁcant difference (p < 0.05).

2007), our results showed that increased precipitation exerted negative effects on N and P concentrations in the stems and
roots of C. burmanni seedlings. Soil available P concentrations in this study were lower than 0.73 mg kg1 (Table 2) and leaf
N:P ratios of seedlings ranged between 18.9 and 22.2 (Fig. 3), reﬂecting that the experimental forest soil is insufﬁcient of P
(Koerselman and Meuleman, 1996; Santiago et al., 2012). Nutrient concentrations of seedlings are relate to soil available
nutrients and plant biomass production (Xu et al., 2015). In our study, increased precipitation did not signiﬁcantly alter the
soil extractable N and P. The increased biomass in the stems and roots (data not shown) thus may partly explain the reductions of N and P concentrations by increased precipitation, under the condition of limited soil nutrients.
Water availability can inﬂuence plant morphology such as biomass partitioning to aboveground and belowground tissues.
For example, under drought stress, seedlings often allocate more biomass to their roots resulting in an increased R/S ratio
(Guo et al., 2010; Xu et al., 2015). In our experiment, increased precipitation decreased R/S ratio of the seedlings especially
when N was not added, indicating that water availability preferentially promotes growth of shoots than the roots. Similar
results were observed in other studies (Castro-Díez et al., 2006; Li et al., 2008). Morphological traits such as H/BD ratio and
DQI value are important indices of seedling quality, and are reliable in predicting planted seedling performance potential in

6

J. Wang et al. / Global Ecology and Conservation 20 (2019) e00734

Fig. 2. R/S ratio, H/BD ratio, and DQI of seedlings under the treatments of increased precipitation and N addition. IP: increased precipitation during the wet
season; AC: ambient control. R/S: ratio of root and shoot; H/BD: height to diameter ratio; DQI: Dickson's Quality Index. Different lowercase letters (a, b and c)
above the bars indicate signiﬁcant difference (p < 0.05).

the ﬁeld (Tsakaldimi et al., 2014). Our results found that increased precipitation greatly increased the values of DQI and H/BD
ratio. Together with the enhanced seedling height, basal diameter, and biomass, increased precipitation during the wet
season can ensure seedling establishment success during the early recruitment stage.
Our results showed that N addition did not alter concentrations of N and P in the plant tissues. Similarly, in the tropical
forests within the same region of current study, Mo et al. (2015) found that 7-year N fertilization did not signiﬁcantly alter N
and P concentrations in the newly-emerged leaves and old leaves of adult trees. Plants do not appreciably accumulate N when
N is sufﬁcient in the soil (Mayor et al., 2014). In our study, N availability in the forest was relatively high as the wet N
deposition rate is approximately 40.0 kg N ha1 yr1 (Wang et al., 2014), thereby leading to a lack of alteration in tissue N
concentration after N addition. N addition effect on plant P concentrations was also inﬂuenced by soil P supply with plant P
accumulation increased under N and P addition treatment (Mo et al., 2015). Previous study in a mature lowland tropical forest
in Panama showed that N addition has neutral effects on seedling growth (Santiago et al., 2012). In this study, N addition had
signiﬁcant effect on seedling biomass (Table 1). However, N addition effects mainly occurred under the increased
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Fig. 3. N and P contents, N:P ratio in leaves, stems and roots of seedlings as affected by increased precipitation and N addition. IP: increased precipitation during
the wet season; AC: ambient control. Different lowercase letters (a, b) above the bars indicate signiﬁcant difference (p < 0.05).

Fig. 4. Soil water content as affected by increased precipitation treatment during the experiment (from June 2014 to May 2016) in the secondary tropical forest.
Values are means ± SE. An asterisk indicates a signiﬁcant difference between the treatments. IP: increased precipitation during the wet season; AC: ambient
control.
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Table 2

Soil pH, and concentrations of NHþ
4 -N, NO3 -N, available phosphorus (P) under the treatments of N addition and control and under increased precipitation
during the wet season (IP) and ambient precipitation (AC).
Soil chemical variables

pH
1
)
NHþ
4 -N (mg kg
1
NO
3 -N (mg kg )
Available P (mg kg1)

IP

AC

N addition

Control

N addition

Control

4.48 ± 0.09
3.13 ± 0.61
2.41 ± 0.63
0.71 ± 0.07

4.51 ± 0.01
3.97 ± 1.03
2.09 ± 0.31
0.61 ± 0.03

4.41 ± 0.05
4.28 ± 1.47
1.30 ± 0.33
0.59 ± 0.11

4.47 ± 0.11
3.62 ± 0.38
2.12 ± 0.43
0.73 ± 0.08

precipitation treatment, and interactive effects of precipitation and N treatments played important roles in regulating
seedling responses. The impacts of supplied N on plant growth are likely to interact with water availability (Jose et al., 2003;
n
~ ez et al., 2018). We found the response of C. burmanni seedling height, total biomass and H/BD ratio
Dziedek et al., 2016; Iba
to N fertilization depend on the increased precipitation treatment. Similar to previous ﬁndings that biomass accumulation of
plants grown under well-watered conditions can be ampliﬁed by N fertilization (Xu et al., 2015), our results showed that
seedlings received more water in the wet season together with N addition had greater height, whole plant biomass production and H/BD ratio. Favorable water availability provides a better bulk-ﬂow pathway for seedlings in nutrient uptake to
promote growth (Song et al., 2010). The exogenous supplied N might potentially meet the nutrient demand of C. burmanni
seedlings under the well-watered soil environment. In natural communities, plant responses to shifts in precipitation pattern
and N deposition sometimes are species-speciﬁc, leading to alteration in the competitive interactions among species
(Anderson-Teixeira et al., 2013; Tripathi and Raghubanshi, 2014). In this study, we addressed the effects of increased precipitation and N addition on one single species, the inferences from the responses of seedling performance should be
cautious. Thus, studies involving multiple overstory and understory species are needed in the future to further elucidate the
impacts of changes in climatic factors on plant community regeneration processes in the tropical forest.
5. Conclusions
This two-year ﬁeld experiment generated several interesting ﬁndings. 1) Increased precipitation during the wet season
could enhance C. burmanni seedling height and basal diameter growth, and biomass accumulation, as well as seedling quality
such as values of H/BD and DQI. 2) Interactive effects between precipitation and N treatments on seedlings were signiﬁcant. N
addition enhanced more height, biomass, and H/BD ratio of seedlings together with increased precipitation. Increased precipitation during the wet season produced positive effects on seedling performances of the dominant species in the tropical
forest. 3) Importantly, exogenous N supply was likely to enhance the growth of C. burmanni seedlings under increased
precipitation. We suggested that the projected increasing N deposition and precipitation in the wet season would potentially
promote seedling establishment and growth the target tree species. Our ﬁndings are helpful to understand and to predict
seedling recruitment and regeneration dynamics in the tropical forest in the future.
Acknowledgements
This study was supported by the Guangdong Natural Science Foundation (2017A030313143), the Guangzhou Science and
Technology Program (201710010137, 201710010140), the National Natural Science Foundation of China (31770487,
31670621), and the Guangdong Science and Technology Planning Project (2017A020216022). The authors are indebted to Mr.
Yingwen Li and Mr. Bi Zou of Xiaoliang Field Research Station for ﬁeld assistance, and Ms. Chunqing Long for laboratory work.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.gecco.2019.e00734.
References
Albaugh, T.J., Allen, H.L., Dougherty, P.M., Johnsen, K.H., 2004. Long term growth responses of loblolly pine to optimal nutrient and water resource
availability. For. Ecol. Manage. 192, 3e19.
Anderson-Teixeira, K.J., Miller, A.D., Mohan, J.E., Hudiburg, T.W., Duval, B.D., DeLucia, E.H., 2013. Altered dynamics of forest recovery under a changing
climate. Glob. Chang. Biol. 19, 2001e2021.
draogo, S.J., Sanon, Z.K., 2009. Predicting ﬁeld performance of ﬁve irrigated tree species using seedling quality
Bayala, J., Dianda, Z.M., Wilson, Z.J., Oue
assessment in Burkina Faso, West Africa. New For 38, 309e322.
Bonan, G.B., 2008. Forests and climate change: forcings, feedbacks, and the climate beneﬁts of forests. Science 320, 1444e1449.
Boyden, S., Binkley, D., Shepperd, W., 2005. Spatial and temporal patterns in structure, regeneration, and mortality of an old-growth ponderosa pine forest
in the Colorado Front Range. For. Ecol. Manage. 219, 43e55.
Bunker, D.E., Carson, W.P., 2005. Drought stress and tropical forest woody seedlings: effect on community structure and composition. J. Ecol. 93, 794e806.
Castro-Díez, P., Navarro, J., Pintado, A., Sancho, L.G., Maestro, M., 2006. Interactive effects of shade and irrigation on the performance of seedlings of three
Mediterranean Quercus species. Tree Physiol. 26, 389e400.
Dickson, A., Leaf, A.L., Hosner, J.F., 1960. Quality appraisal of white spruce and white pine seedling stock in nurseries. For. Chron. 36, 10e13.

J. Wang et al. / Global Ecology and Conservation 20 (2019) e00734

9

Ding, W., Wang, R., Yuan, Y., Liang, X., Liu, J., 2012. Effect of nitrogen deposition on growth and relationship of Robinia pseudoacacia and Quercus acutissima
seedlings. Dendrobiology 67, 3e13.
€ck, T., 2010. Effect of nitrogen availability on forest understorey cover and its consequences for tree regeneration in the
Diwold, K., Dullinger, S., Dirnbo
Austrian limestone Alps. Plant Ecol. 209, 11e22.
Dziedek, C., von Oheimb, G., Calvo, L., Fichtner, A., Kriebitzsch, W.U., Marcos, E., Pitz, W.T., H€
ardtle, W., 2016. Does excess nitrogen supply increase the
drought sensitivity of European beech (Fagus sylvatica L.) seedlings? Plant Ecol. 217, 393e405.
Easterling, D.R., Meehl, G.A., Parmesan, C., Changnon, S.A., Karl, T.R., Mearns, L.O., 2000. Climate extremes: observations, modeling, and impacts. Science
289, 2068e2074.
Grimm, N.B., Chapin III, F.S., Bierwagen, B., Gonzalez, P., Groffman, P.M., Luo, Y.Q., Melton, F., Nadelhoffer, K., Pairis, A., Raymon, P.A., Schimel, J.,
Williamson, C.E., 2013. The impacts of climate change on ecosystem structure and function. Front. Ecol. Environ. 11, 474e482.
Guo, J., Yang, Y., Wang, G., Yang, L., Sun, X., 2010. Ecophysiological responses of Abies fabri seedlings to drought stress and nitrogen supply. Physiol. Plant.
139, 335e347.
Howe, H.F., 2014. Diversity Storage: implications for tropical conservation and restoration. Glob. Ecol. Conserv. 2, 349e358.
n
~ ez, I., Zak, D., Burton, A., Pregitzer, K.S., 2018. Anthropogenic nitrogen deposition ameliorates the decline in tree growth caused by a drier climate.
Iba
Ecology 99, 411e420.
IPCC, Core Writing Team, 2014. In: Pachauri, R.K., Meyer, L.A. (Eds.), Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. IPCC, Geneva, Switzerland, 151 pp.
IBM, 2011. IBM SPSS Statistics for Windows. Version 20.0. IBM, Armonk, New York, USA.
Jose, S., Merritt, S., Ramsey, C.L., 2003. Growth, nutrition, photosynthesis and transpiration responses of longleaf pine seedlings to light, water and nitrogen.
For. Ecol. Manage. 180, 335e344.
Kafash, A., Ashraﬁ, S., Ohler, A., Youseﬁ, M., Malakoutikhah, S., Koehler, G., Schmidt, B.R., 2018. Climate change produces winners and losers: differential
responses of amphibians in mountain forests of the Near East. Glob. Ecol. Conserv. 16, e00471.
Koerselman, W., Meuleman, A.F.M., 1996. The vegetation N:P ratio: a new tool to detect the nature of nutrient limitation. J. Appl. Ecol. 33, 1441e1450.
Li, F., Bao, W., Wu, N., You, C., 2008. Growth, biomass partitioning, and water-use efﬁciency of a leguminous shrub (Bauhinia faberi var. microphylla) in
response to various water availabilities. New For 36, 53e65.
Liu, G.S., Jiang, N.H., Zhang, L.D., Liu, Z.L., 1996. Soil Physical and Chemical Analysis and Description of Soil Proﬁles. Standards Press of China, Beijing (in
Chinese).
Liu, K.C., Zhuang, X.Y., Xue, C.Q., Li, Z.Q., 2014. Forest Plants in Guangdong. Huazhong University of Science and Technology Press, Wuhan (in Chinese).
Liu, X., Zhang, Y., Han, W., Tang, A., Shen, J., Cui, Z., Vitousek, P., Erisman, J.W., Goulding, K., Christie, P., Fangmeier, A., Zhang, F., 2013. Enhanced nitrogen
deposition over China. Nature 494, 459e462.
Lu, H.F., Campbell, E.T., Campbell, D.E., Wang, C.W., Ren, H., 2017. Dynamics of ecosystem services provided by subtropical forests in Southeast China during
succession as measured by donor and receiver value. Ecosyst. Serv. 23, 248e258.
Mayor, J.R., Wright, S.J., Turner, B.L., 2014. Species-speciﬁc responses of foliar nutrients to long-term nitrogen and phosphorus additions in a lowland
tropical forest. J. Ecol. 102, 36e44.
Meehl, G.A., Arblaster, J.M., Tebaldi, C., 2005. Understanding future patterns of increased precipitation intensity in climate model simulations. Geophys. Res.
Lett. 32, L18719.
Mo, J., Li, D., Gundersen, P., 2008. Seedling growth response of two tropical tree species to nitrogen deposition in southern China. Eur. J. For. Res. 127,
275e283.
Mo, Q., Zou, B., Li, Y., Chen, Y., Zhang, W., Mao, R., Ding, Y., Wang, J., Lu, X., Li, X., Tang, J., Li, Z., Wang, F., 2015. Response of plant nutrient stoichiometry to
fertilization varied with plant tissues in a tropical forests. Sci. Rep. 5, 14605.
Mo, Q., Li, Z., Sayer, J.E., Lambers, H., Li, Y., Zou, B., Tang, J., Heskel, M., Ding, Y., Wang, F., 2019. Foliar phosphorus fractions reveal how tropical plants
maintain photosynthetic rates despite low soil phosphorus availability. Funct. Ecol. 33, 503e513.
O'Brien, M.J., Ong, R., Reynolds, G., 2017. Intra-annual plasticity of growth mediates drought resilience over multiple years in tropical seedling communities.
Glob. Chang. Biol. 23, 4235e4244.
Paine, C.E.T., Harms, K.E., Ramos, J., 2009. Supplemental irrigation increases seedling performance and diversity in a tropical forest. J. Trop. Ecol. 25, 171e180.
Patterson, S.L., Zak, D.R., Burton, A.J., Talhelm, A.F., Pregitzer, K.S., 2012. Simulated N deposition negatively impacts sugar maple regeneration in a northern
hardwood ecosystem. J. Appl. Ecol. 49, 155e163.
Petrie, M.D., Wildeman, A.M., Bradford, J.B., Hubbard, R.M., Lauenroth, W.K., 2016. A review of precipitation and temperature control on seedling emergence
and establishment for ponderosa and lodgepole pine forest regeneration. For. Ecol. Manage. 361, 328e338.
Poorter, L., Bongers, F., Aide, T.M., Zambrano, A.M.A., Balvanera, P., Becknell, J.M., Boukili, V., Brancalion, P.H.S., Broadbent, E.N., Chazdon, R.L., et al., 2016.
Biomass resilience of neotropical secondary forests. Nature 530, 211e214.
Ren, H., Li, Z., Shen, W., Yu, Z., Peng, S., Liao, C., Ding, M., Wu, J., 2007. Changes in biodiversity and ecosystem function during the restoration of a tropical
forest in south China. Sci. China Ser. C Life Sci. 50, 277e284.
Rustad, L.E., 2008. The response of terrestrial ecosystems to global climate change: towards an integrated approach. Sci. Total Environ. 404, 222e235.
Santiago, L.S., Wright, S.J., Harms, K.E., Yavitt, J.B., Koring, C., Garcia, M.N., Turner, B.L., 2012. Tropical tree seedling growth responses to nitrogen, phosphorus
and potassium addition. J. Ecol. 100, 309e316.
nchez-Go
 mez, D., Valladares, F., Zavala, M.A., 2006. Performance of seedlings of Mediterranean woody species under experimental gradients of irradiance
Sa
and water availability trade-offs and evidence for niche differentiation. New Phytol. 170, 795e806.
rez, V., Castro-Díez, P., Valladares, F., 2007. Growth versus storage: responses of Mediterranean oak seedlings to changes in nutrient and water
Sanz-Pe
availabilities. Ann. For. Sci. 64, 201e210.
Song, S.J., Ma, K.M., Qu, L.Y., Liu, Y., Xu, X.L., Fu, B.J., Zhong, J.F., 2010. Interactive effects of water, nitrogen and phosphorus on the growth, biomass partitioning and water-use efﬁciency of Bauhinia faberi seedlings. J. Arid Environ. 74, 1003e1012.
Talhem, A.F., Burton, A.J., Pregitzer, K.S., Campione, M.A., 2013. Chronic nitrogen deposition reduces the abundance of dominant forest understory and
groundcover species. For. Ecol. Manage. 293, 39e48.
Tanentzap, A.J., Lee, W.G., Monks, A., 2013. Increased nitrogen cycling facilitate native forest regeneration: potential for restoring extinct ecological processes? Ecol. Appl. 23, 36e45.
Tripathi, S.N., Raghubanshi, A.S., 2014. Seedling growth of ﬁve tropical dry forest tree species in relation to light and nitrogen gradients. J. Plant Ecol. 7,
250e263.
Tsakaldimi, M., Ganatsas, P., Jacobs, D.F., 2014. Prediction of planted seedling survival of ﬁve Mediterranean species based on initial seedling morphology.
New For 44, 327e339.
Volder, A., Briske, D.D., Tjoelker, M.G., 2013. Climate warming and precipitation redistribution modify tree-grass interactions and tree species establishment
in a warm-temperate savanna. Glob. Chang. Biol. 19, 843e857.
Wang, J., Ren, H., Yang, L., Duan, W., 2009. Establishment and early growth of introduced indigenous tree species in typical plantations and shrubland in
South China. For. Ecol. Manage. 258, 1293e1300.
Wang, F., Li, J., Wang, X., Zhang, W., Zou, B., Neher, D.A., Li, Z., 2014. Nitrogen and phosphorus addition impact soil N2O emission in a secondary tropical
forest of South China. Sci. Rep. 4, 5615.
Wang, J., Sun, Z.Y., Hui, D.F., Yang, L., Wang, F.M., Liu, N., Ren, H., 2018. Responses of seedling performance to altered seasonal precipitation in a secondary
tropical forest, southern China. For. Ecol. Manage. 410, 27e34.

10

J. Wang et al. / Global Ecology and Conservation 20 (2019) e00734

Weltzin, J.F., Loik, M.E., Schwinning, S., Williams, D.G., Fay, P.A., Haddad, B.M., Harte, J., Huxman, T.E., Knapp, A.K., Lin, G., et al., 2003. Assessing the response
of terrestrial ecosystems to potential changes in precipitation. Bioscience 53, 941e952.
Xu, N., Guo, W., Liu, J., Du, N., Wang, R., 2015. Increased nitrogen deposition alleviated the adverse effects of drought stress on Quercus variabilis and Quercus
mongolica seedlings. Acta Physiol. Plant. 37, 107.
Yan, G., Li, D., 2012. Analysis of precipitation variation characteristic in Guangdong Province from 1953 to 2010. Water Resour. Power 30, 6e8 (in Chinese
with English abstract).
Yavitt, J.B., Wright, S.J., 2008. Seedling growth responses to water and nutrient augmentation in the understorey of a lowland moist forest, Panama. J. Trop.
Ecol. 24, 19e26.

